Abstract: A diode-pumped actively Q-switched mixed Nd:Y 0.3 Gd 0.7 VO 4 laser with an intracavity KTP crystal is developed to produce cascade SRS emission up to the fourth order. With an incident pump power of 14 W and a repetition rate of 50 kHz, the average output powers at the first, second , third and fourth Stokes modes are approximately 0.05 W, 0.61 W, 0.25 W, and 0.11 W, respectively. The maximum peak power is greater than 2 kW.
Introduction
Neodymium-doped single vanadate crystals including Nd:YVO 4 and Nd:GdVO 4 have been identified as excellent laser materials for diode-pumped solid-state lasers because of their large absorption and large emission cross sections [1] [2] [3] [4] [5] [6] [7] [8] . In the Q-switching operation, however, the large emission cross sections usually limit their energy storage capacities. To overcome this hindrance, mixed Nd:Y x Gd 1-x VO 4 crystals were recently developed with Y ions replacing some of the Gd ions in Nd:GdVO 4 single crystal [9] [10] [11] [12] . It has been experimentally confirmed that such mixed crystals are substantially superior to single crystals for Qswitching and mode-locking performance because of their broader fluorescence linewidth [12] [13] [14] .
Raman lasers which are based on intracavity stimulated Raman scattering (SRS) in Raman active crystals have a very promising potential for various applications such as pollution detection, remote sensing, and medical system [15] [16] [17] . Recently, potassium titanyl phosphate (KTP) and rubidium titanyl phosphate (RTP) which are widely recognized as prominent nonlinear optical crystals involving nonlinear optical susceptibility χ (2) have been experimentally confirmed to be practical SRS converter devices [18] [19] [20] . The low value of the KTP-related Stokes shift (270 cm -1 ) [21] permits generation of multi-frequency radiation with cascade SRS. Nowadays, simultaneous multi-frequency lasing lines with high peak powers in the room temperature is of practical importance for the terahertz (THz) generation with the nonlinear optical difference frequency method [22] [23] [24] .
In this paper, we present the first demonstration of a diode-pumped actively Q-switched mixed Nd:Y 0.3 Gd 0.7 VO 4 laser with an intracavity KTP crystal to produce cascade SRS emission up to the fourth order. With an incident pump power of 14 W, the actively Qswitched intracavity Raman laser, operating at 50 kHz, produces an average output power up to 0.92 W with a pulse energy of 18.4 μJ. The maximum peak power is generally higher than 2 kW.
Experimental setup
The schematic diagram for the experimental setup of a diode-pumped actively Q-switched Nd:Y x Gd 1-x VO 4 laser with a KTP crystal as an intracavity SRS medium is illustrated in Fig. 1 The present cavity is a flat-flat resonator that was stabilized by the thermally induced lens in the laser crystal. This concept was found nearly simultaneously by Zayhowski and Mooradian [25] and by Dixon et al [26] . A linear flat-flat cavity is an attractive design because it reduces complexity and makes the system compact and rugged. However, the endpump-induced thermal lens is not a perfect lens, but is rather a lens with aberration. It has been found that the thermally induced diffraction loss is a rapidly increasing function of the mode-to-pump ratio at a given pump power. When the incident pump power is greater than 5 W, the optimum mode-to-pump ratio is found to be in the range of 0.8-1.0 [27] . Since the laser rod is very close to the front mirror, the laser mode size in the gain medium can be given by [28] ( ) ( )
where f th is the effective focal length of the thermal lens, 
is the effective cavity length, L cav is the cavity length, l is the length of the gain medium, n is the refractive index of the gain medium, l KTP is the length of the KTP crystal, n KTP is the KTP refractive index for the output laser beam, l Q is the length of the Q-switched crystal, and n Q is the refractive index of the Q-switched crystal for the output laser beam. The effective focal length for an end-pumped laser rod can be approximately expressed as
where ω p is the pump size in the unit of mm, P in is the incident pump power in the unit of watt (W), and C is a proportional constant in the unit of W/mm. The effective focal length at a given pump power can be experimentally estimated from the longest cavity length with which a flat-flat cavity can sustain stable. Therefore, we perform the laser experiments to obtain the critical cavity lengths for different pump powers at a fixed pump size. We used Eq. (3) to fit the experimental results and found the constant C to be approximately 1.7×10 4 W/mm. The dependence of the mode-to-pump size ratio on the pump power for the present cavity was calculated by using Eqs. (1)-(3) and the following parameters: C=1.7×10 4 W/mm, ω p =0.35 mm, l Q =30 mm, n Q =1.5, l=10 mm, n=2.16, n KTP =1.75, and l KTP =20 mm. The calculated results for several cavity lengths were shown in Fig. 2 . It is clear that the mode-to-pump size ratio is around 0.8 at L cav =130 mm for the pump powers in the range of 5~15 W, leading to a good compromise between overlapping efficiency and thermal effect. As a consequence, we arranged the cavity length to be 130 mm. Fig. 2 . Dependence of the mode-to-pump size ratio on the incident pump power for several cavity lengths.
Experimental results and discussions
Figure 3 depicts the average output powers with respect to the incident pump power at the 50-kHz Q-switching operation for the setup shown in Fig. 1 . The threshold powers for the first Stokes mode is 4.5 W. The first Stokes output at 1096 nm increases with the pump power until the second Stokes threshold of 6.2 W is reached, and it is then clamped at a level of 50 mW. When the pump power is increased to approximately 8.2 W, the third Stokes radiation at 1166 nm start to be emitted and the second Stokes emission is almost saturated at a power of 0.6 W. The slope efficiency of the second Stokes at 1129 nm with respect to the pump power from 6. Note that the present output coupler was not optimized for the overall conversion efficiency. Therefore, it is possible to obtain a higher output power with the optimum output coupler. On the other hand, the optimum conversion efficiency for the specific Stokes component can be obtained by optimizing the output coupler with high reflection for the lower order Stokes modes and high transmission for the next order Stokes mode. Furthermore, no damage to the KTP crystal was observed over several hours of operation, and the laser performance was reproducible on a day-to-day basis. Fig. 3 . Dependence of the average output power on the incident pump power for Q-switching operation at 50 kHz.
An optical spectrum analyzer (Advantest Q8381A) was used to measure the spectral information of the laser output. The present spectrum analyzer employing a diffraction lattice monochromator can be used for high-speed measurement of pulse light with a resolution of 0.1 nm. Figure 4 shows the emission spectrum measured at the output of the Raman laser for the pump power of 14.0 W. It can be seen that the optical spectra include the main output of the different order Stokes lines as well as the residual outputs of the fundamental wave at 1064 nm. The frequency shift between the Stokes and the laser lines is in good agreement with the asymmetric bending mode of a distorted TiO 6 octahedron 270 cm -1 [21] . The temporal behavior of the output pulse was recorded by a LeCroy digital oscilloscope (Wavepro 7100, 1-GHz bandwidth, 10 G samples/sec) with two InGaAs p-i-n photodiodes for measuring the output pulses at fundamental and SRS emissions, respectively. The temporal characteristics of the fundamental pulse and Raman pulses are depicted in Figs. 5(a)-5(d) for four different pump powers of 5.0 W, 7.0 W, 9.0 W and 11.0 W. It can be seen that when the intracavity power density at the fundamental wavelength reaches the SRS threshold, the fundamental pulse is rapidly converted the Stokes output. Although the channel numbers of the oscilloscope are not sufficient to separate the temporal profiles of each Stokes orders, the experimental results in Figs. 5(a)-5(d) apparently reveal that various order Stokes pulses are generated step by step with increasing the pump power. Furthermore, the Q-switched pulse envelope displays clear modulated pulses. The separation of the modulated pulses was found to be 0.86 ns, which matched exactly with the cavity roundtrip time. Therefore, the modulated pulses can be confirmed to come from the longitudinal-mode beating. The estimated energy of the highest pulse inside envelope was found to be close to 18.4  μJ and the maximum peak power was greater than 2 kW. 
Conclusion
In summary, we have developed a diode-pumped actively Q-switched mixed Nd:Y 0.3 Gd 0.7 VO 4 laser with an intracavity KTP crystal to produce cascade SRS emission up to the fourth order.
With an incident pump power of 14 W and a repetition rate of 50 kHz, the average output powers at 1096 nm, 1129 nm, 1166 nm, and 1204 nm are approximately 0.05 W, 0.61 W, 0.25 W, and 0.11 W, respectively. The maximum peak power is found to be higher than 2 kW.
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